Abstract Corals expel zooxanthellae (Symbiodinium) not only under thermal stress conditions, but also under nonstress conditions. To better understand the significance of this, we compared cell numbers, morphologies and photosynthetic activities of the expelled Symbiodinium under different temperatures for six species of scleractinian corals; Acropora selago, Acropora muricata, Heliofungia actiniformis, Ctenactis echinata, Oxypora lacera and Pocil lopora eydouxi, kept in aquariua. During the eight day aquarium experiment, every coral expelled two types of Symbiodinium morphologies, normal and degraded form, and the ratios of these forms differed depending on the temperature. Under a non-stress, initial temperature condition of 27℃, mainly degraded cells were expelled. In contrast, when the water temperature was increased and reached to 32℃, the expulsion rates drastically increased, 
Introduction
Corals and some other marine invertebrates form symbioses with unicellular microalgae called zooxanthellae (dinoflagellate genus Symbiodinium). Symbiodinium inhabit coral tissues and provide photosynthetic products necessary for corals to survive in oligotrophic tropical Expulsion of zooxanthellae (Symbiodinium) from several species of scleractinian corals: comparison under non-stress conditions and thermal stress conditions waters (e.g. Muscatine 1967; Muscatine and Cernichiari 1969) . Under stressful conditions, the relationship can collapse, causing corals to expel large amounts of Sym biodinium and often resulting in "coral bleaching" (Goreau 1964; Jaap 1979; Egaña and DiSalvo 1982; HoeghGuldberg and Smith 1989; Gates et al. 1992; Brown et al. 1995; Brown 1997) . Corals can also expel Symbiodinium under non-stressful conditions (Hoegh-Guldberg et al. 1987; Titlyanov et al. 1996; Jones and Yellowlees 1997; Baghdasarian and Muscatine 2000; Koike et al. 2007 ; Dimond and Carrington 2008; Yama shita et al. 2011) . These "expulsion" phenomena do not share the same mechanism: the former instance seems to be a breakdown of the Symbiodinium maintenance system in corals, while the latter case is the steady-state healthy function in corals. In the reports dealing with Symbiodini um expulsion under stressful conditions, there were seemingly healthy cells in the expelled populations (e.g. Gates et al. 1992; Ralph et al. 2001; Bhagooli and Hidaka 2004; Ralph et al. 2005; Hill and Ralph 2007) , which would reduce photosynthetic capacities in corals-sym bionts relationship. Titlyanov et al. (1996; reported corals under non-stress conditions actively expelled "degraded"
Symbiodinium cells from the polyp mouth and concluded that the mechanism is to regulate Symbiodinium density in the corals. Understanding these functional dif ferences between different types of expulsion would lead to a better understanding of Symbiodinium losses in corals. There are few studies focusing on the expulsion of de graded cells under non-stress conditions contrasted with the expulsion of healthy-looking cells under stressful con ditions and quantitatively comparing these cells for a variety of corals.
In this study, we compared the abundance of degraded cells and healthy-looking Symbiodinium cells in the expelled materials from six species of scleractinian corals in aquaria, under non-stress (27℃) and stressful conditions (32℃), to understand the maintenance and collapse of symbiosis between corals and Symbiodinium.
Materials and methods

Collection of corals and aquarium conditions
In October 2011, six species of scleractinian corals were collected at the Urasoko Bay, Ishigaki Island, Okinawa, Japan (24°27′N, 124°13′E 
Temperature treatments
After a two-week period of acclimation, the experiment was started as follows: for the first two days, temperature was maintained at 27℃. The seawater temperature was raised stepwise (0.5℃ increase for every 8 h) for the following three days, until it reached 32℃, where it was main tained for three days.
Collection of expelled Symbiodinium from the corals
Expelled Symbiodinium from the corals were collected in the initial two days at 27℃ and in the three days at 32℃. To determine expulsion during the temperature increase, samples were also collected for two more days after the initial two days for A. selago and H. actiniformis.
According to our previous report (Koike et al. 2007 ), corals have a daily rhythmicity of Symbiodinium expulsion, with a peak at noon. Therefore, from 12:00 to 14:00, the supplies of seawater to the aquaria were stopped, and ex pelled Symbiodinium during these two hours accumulated in the aquaria. To prevent the water temperature from in creasing, the seawater was kept running into the water bath. Four L of seawater (including expelled Sym biodinium) in each aquarium was collected after mixing it well and sieved through a 20-µm mesh to remove large particles, then concentrated into 50 ml using a 5-µm mesh.
Micro scopy confirmed absence of Symbiodinium in the filtrate.
Counting the expelled Symbiodinium
Symbiodinium cells in 1 ml of the concentrated sample were trapped onto a polycarbonate filter (Isopore membrane filters, 0.8 µm ATTP, ATTP01300, Millipore, Billerica, condensed form (Fig. 1) . The cell numbers per each observation field were averaged for the twenty areas, and total cell numbers were determined per 1 ml of concentrated sample. Expelled Symbiodinium cell numbers per an aquarium were determined and converted to hourly expelled cells per 100 g of coral skeletal weight.
Measurement of PSII maximum quantum yield of Sym biodinium
A dark-adapted maximum quantum yield of photosystem II (Fv/Fm) was measured using a pulse-amplitude modulation (PAM) fluorometer (WATER-PAM, Walz, Effeltrich, Germany) (PM gain 10) for both expelled Sym biodinium and freshly isolated Symbiodinium from the host tissue. The latter Symbiodinium were obtained using a water-pik, and the concentrated samples of expelled Sym biodinium were used for this measurement. The measurements were conducted every day; however, the fluorescence during the initial two days was too low to determine Fv/Fm and was therefore removed from the data. During the third day after reaching 32℃, diatoms increas ed in the aquaria and the data obtained from these waters were also rejected.
Results
Numbers of expelled Symbiodinium from corals 
Morphologies of expelled Symbiodinium from corals
All six corals expelled more degraded forms under the non-stress conditions and more normal forms under the thermal stress conditions ( Fig. 2 and 3 
Discussion
These six corals expelled more degraded Symbiodinium cells under the non-stress steady conditions and more healthy-looking, but photosynthetically damaged cells, (especially in Acroporidae and Fungiidae) under the thermal stress conditions. The expulsion under the non-stress conditions is considered to be a functional mechanism to regulate Symbiodinium density within corals. Such a mechanism has been proposed by previous studies in many coral species (Titlyanov et al. 1996 (Titlyanov et al. , 1998 Jones and Yellowlees 1997; Baghdasarian and Muscatine 2000; Dimond and Carrington 2008) . Titlyanov et al. (1996; reported that the number of degraded Symbiodinium in corals was similar to the number of dividing Symbiodini um, concluding that the digestion and expulsion of Sym bio dinium might be a functional regulation for Symbio dinium densities in corals. Our current results agreed with these findings, and we can conclude that the expulsion of de graded (digested) cells is a mechanism for corals to regulate the symbionts. In contrast, under the thermal stress conditions, large numbers of the normal form Symbio dinium were expelled from the corals, and the phenomenon apparently results in coral discoloration. Under these circumstances, few degraded Symbiodinium were expelled in contrast to the report by Downs et al. (2009) in which the digestion of Symbiodinium in the coral tissue was promoted by heat stress. In another study, degraded Symbio dinium accumulated in coral tissues in naturally bleached corals (Brown et al. 1995) . Consequently, under such stress conditions, digestion of Symbiodinium may occur, but disposal from the polyp mouth (Titlyanov et al. 1996; ) is disabled and results in the accumulation of waste cells. Compared with such an active dumping mechanism, expulsion under thermal stress conditions seems to be a negative action for corals, probably because of host cell detachment, as observed by Gates et al. (1992) . Even though such cell detachment occurs, degraded Symbio dinium would not be expelled at the early stage of the stressful conditions since they mainly inhabit mesenterial filaments (Brown et al. 1995; Titlyanov et al. 1996) , which are probably not influenced by host cell detachment. However, when corals are exposed to thermal stress conditions over a longer time, degraded Symbiodinium might increase (Brown et al. 1995) , and be eventually expelled as reported by Franklin et al. (2004) , in which they observed only degraded Symbiodinium were expelled from Stylophora pistillata exposed to harsh thermal and light conditions.
Two Acroporidae (A. muricata and A. selago) and Fungiidae species (H. actiniformis and C. echinata) expelled Symbiodinium that were more photosynthetically damaged than those that resided in the tissue. If the expulsion under thermal stress conditions is indeed caused by host cell detachment, such "selective" releases for dam aged cells are not feasible. Alternatively, we considered that Symbiodinium inhabiting the outer layer of the endodermal tissues adjacent to environment were more subjected to environment stresses. On the other hand, those in the inner layer of the endoderm across the gastrovascular cavity and facing the coral skeleton were less affected (inner layer and outer layer of endoderm were showed in diagrams of Brown et al. 1995 and Titlyanov et al. 1996 studies were not different between the non-stress and thermal stress conditions. P. eydouxi has been reported to be a thermal tolerant species (Baird and Marshall 1998; Paulay and Benayahu 1999) , probably because of a relationship with clade D Symbiodinium, which is a thermally tolerable genotype (Glynn et al. 2001; Rowan 2004) . P. eydouxi in the study area Urasoko Bay, also harbored clade D Sym biodinium (Yamashita et al. 2011) . From these results, it is assumed that P. eydouxi expelled photosynthetically com petent Symbiodinium, but in small numbers.
In conclusion, the expulsion mechanisms for corals are divided into two types. One is a regulation mechanism for corals to maintain constant Symbiodinium density. In this mechanism, they digest excess Symbiodinium and expel the degraded cells. This is a normal function for corals to maintain symbionts. However, when this function collapses under thermal stress, interaction between corals and Symbiodinium breaks down, and corals lose a large number of "healthy-looking" Symbiodinium through host cell detachment, which may result in "coral bleaching".
Expulsion is a key mechanism for maintenance and collapse of symbiosis between corals and Symbiodinium.
The study was conducted only for a single batch for each species, and thus the results are still preliminary.
However, trends of expulsion patterns were common among the coral species, in which expulsion under the non-stress conditions was mainly due to the relatively small numbers of degraded Symbiodinium, while under the thermal stress conditions, the expulsion was composed of a large number of normal cells. The strength of reactions, however, differed between the coral species, and quantitative experiments and statistical analysis will be needed in replicate experiments, including subjecting other stress factors than merely temperature stress. Moreover, observing expulsion patterns in wild corals in the field is necessary to elucidate whether the trends that we found in this study also happen in nature.
